• Physiological shear stress promotes megakaryocytic maturation, DNA synthesis, phosphatidylserine exposure and caspase-3 activation.
Introduction
Megakaryocytes (Mks) are derived from hematopoietic stem and progenitor cells (HSPCs) in the bone marrow (BM), and as they mature they migrate to the endothelial lining of BM sinusoids where they extend proplatelets (PPTs) through gaps of the endothelium into circulation. 1, 2 Mks encounter biomechanical stresses as they deform to penetrate gaps of the sinusoid wall and shear stresses upon exposure to blood flow (see supplemental Figure 1 on the Blood Web site). 3 Upon entering circulation, Mk fragments or whole Mks are exposed to shear stresses of a broad range and duration in different parts of circulation (supplemental Figure 1 and supplemental Table 1 ). Released Mk fragments mature into platelets in circulation, while released whole Mks are eventually captured in the pulmonary vasculature where they give rise to platelets (supplemental Figure 1) . [4] [5] [6] [7] Following a pioneering visualization study 3 identifying a physiological shear-stress range of 1.3 to 4.1 dyn/cm 2 for platelet biogenesis in the BM, a role for shear stress was supported by an in vitro study demonstrating that a high shear rate (1800 s
21
; corresponding to ;16 dyn/cm 2 , almost fourfold higher than the upper physiological limit in the BM) accelerates PPT formation and platelet biogenesis from cultured, mature Mks. 4 However, the cellular events underlying the effects of mechanical stresses on Mk maturation and platelet biogenesis remain largely unexplored. 4, 8 Shear and other biomechanical stresses affect different cell types in biologically multifaceted and complex ways. For example, shear stress is an important differentiation signal for embryonic stem cells, 9 ,10 endothelial progenitor cells circulating in peripheral blood, [11] [12] [13] and mesenchymal stem cells. 14, 15 Many cellular processes are affected by shear forces, including the cell cycle, 11, 16, 17 migration, 17, 18 apoptosis, [19] [20] [21] [22] and differentiation. 11, 23 In this study, we probed the role of shear stress on Mk maturation by examining its impact on DNA synthesis, polyploidization, phosphatidylserine (PS) exposure, caspase-3 activation and the generation of PPTs, platelet-like particles (PLPs), and Mk-derived microparticles (MkMPs). And, for the first time, we identify a potential biological role for MkMPs.
of Delaware (protocol #190471-3). The study was conducted in accordance with the Declaration of Helsinki.
Shear-stress experiments: exposure of Mk cells to shear flow
Rectangular flow slides (m-Slide I 0.6 Luer, ibidi) were coated with 50 mg/mL von Willebrand factor (VWF) and ;300 000 cultured Mks were seeded onto each slide. Mks on slides were cultured overnight (21 hours) before being exposed to shear flow. Iscove modified Dulbecco medium (IMDM) supplemented with 10% BIT9500, 50 ng/mL recombinant human TPO (rhTPO), 50 ng/mL rhSCF, 0.5 mg/mL human low density lipoprotein, and 6.25 mM nicotinamide was perfused over Mks on slides by 2 syringe pumps (Dual NE-4000 pump; New Era Pump Systems) to achieve the desirable shear-stress level (supplemental Figure 3) . For 5-bromo-29-deoxyuridine (BrdU) incorporation assays, the medium was supplemented with 10 mM BrdU (BD Biosciences). During shear flow, some Mks were detached from the slide surface and released into the circulating medium. These cells were considered as nonadherent Mks. Adherent Mks were harvested for analysis using a nonenzymatic cell dissociation buffer (Sigma-Aldrich). For immunofluorescent experiments, adherent Mks were fixed with 2% paraformaldehyde directly on slides. For caspase inhibition experiments, Mks were treated with caspase inhibitors, 10 mM z-VAD.fmk (Bachem) or 10 mM z-DEVD.fmk (Bachem) starting on day 9. Inhibitor-treated Mks were seeded into flow slides at day 9 or day 11, were exposed to shear flow (2.5 dyn/cm 2 for 0.5 hour) in medium supplemented with the same inhibitor, and were harvested for PPT, PLP, and CD41
1 MP counting.
Isolation and characterization of MkMPs
For both static cultures and cultures exposed to shear flow, Mk cells were removed from the culture medium by centrifugation (150 3 g for 10 minutes). Following that, PLPs were removed by centrifugation at 1000 3 g for 10 minutes. MkMPs were enriched by ultracentrifugation 24 (25 000 rpm for 1 hour at 4°C; Beckman Coulter Optima Max Ultracentrifuge) and then washed 3 times in IMDM medium. CD41, CD42b, and CD62P expression of MkMPs was examined by flow cytometry. Concentrations of MkMPs (and of PMPs and Mks) were measured by flow cytometry using 1.34 mm microbeads (Spherotech) as a standard. After that, the cells with the MPs were diluted in 600 mL IMDM medium supplemented with 5% BIT9500 and 50 ng/mL rhSCF, and cultured at 37°C and 20% O 2 until they were harvested at day 8 for CD41 and ploidy flow cytometry analysis. 25 At day 9, cells in coculture were examined using multiphoton confocal microscope (Zeiss 510 NLO) and Differential Interference Contrast images were collected. At day 10, cells from coculture were seeded onto human fibrinogen-coated coverslips and cultured overnight for staining for b1 tubulin (TUBB1), VWF, and serotonin (5-HT) at day 11. Cells from vehicle control were fixed first and cytospun onto the coverslip (Shandon Cytospin 4; Thermo Scientific) before immunofluorescent staining. At day 11, some cells were harvested for transmission electron microcopy (TEM) imaging.
Results
Shear enhances DNA synthesis and Mk polyploidization in a largely dose and maturation stage dependent way Mk cells engage in endomitosis as they mature and become polyploid. 1 We hypothesized that biomechanical forces, such as physiological shear forces, 3 would impact DNA synthesis. To investigate this hypothesis, Mk cells at days 8, 10, or 12 were exposed to shear flow using a validated perfusion system (supplemental Figure 3) Figure 1A) . Mks responded to shear stress quickly, certainly within 15 minutes, and after 30 minutes no further increase in DNA synthesis was observed. This is physiologically relevant. It has been reported that, in vivo, the time needed for trans-sinusoidal migration of murine Mk fragments into the blood stream is about 30 minutes. 3 In subsequent experiments, an exposure time of 30 minutes was used to investigate the impact of shear-stress level on Mks. Low levels of shear stress (1.5 dyn/cm 2 ) enhanced DNA synthesis of day 8 Mks by 51% compared with the static conditions ( Figure 1B ). Exposure to 2.5 dyn/cm 2 increased DNA synthesis further by 37% over that of 1.5 dyn/cm 2 , or 107% over static control ( Figure 1B) . However, at 4.0 dyn/cm 2 (near the upper limit of the physiological range), DNA synthesis was similar to that at 1.5 dyn/cm 2 . To investigate if shear flow differentially affects DNA synthesis at different differentiation stages, Mks at days 8, 10, and 12 were exposed to 2.5 dyn/cm 2 for 30 minutes. Our data ( Figure 1C ) show that exposure to shear flow results in increased DNA synthesis only of day 8 Mk cells, which were at an immature stage. Mks at days 10 or 12 were more mature, thus displaying much lower DNA synthesis compared with day 8 cells. We also examined if shear affects Mks of different ploidy classes (2N, 4N, $ 8N Mks) differently. DNA synthesis of each ploidy class showed trends similar to those of the total Mk population ( Figure 1D-F) . However, DNA synthesis of Mks with 4N and higher ploidy classes increased further when 2.5 dyn/cm 2 was applied for 120 minutes ( Figure 1D ). These data suggest that even short exposure to circulatory shear promotes the maturation of less mature day 8 Mk cells by enhanced polyploidization.
We also examined the impact of biomechanical forces on nonadherent cells. In contrast to adherent Mk cells, DNA synthesis of nonadherent Mk cells in these experiments was not affected compared with static conditions ( Figure 1A-C) .
Could the effect of shear stress on DNA synthesis be due to differential retention of adherent Mk cells because adherent Mks cells were more active in synthesizing DNA? Our data suggest that this is not the case. Indeed, the percentage of CD41 1 cells and ploidy distribution among adherent Mks under various (stress level and duration) flow conditions and static conditions were similar (supplemental Figure 4 ). In addition, we observed decreased DNA synthesis after the shear stress level was increased from 2.5 dyn/cm 2 to 4 dyn/cm 2 ( Figure 1B) ; and finally, DNA synthesis of Mks at days 10 and 12 were not accelerated by shear stress.
Shear stress promotes PS surface exposure on maturing Mk cells
Previous studies in our laboratory and other laboratories have shown that PS becomes exposed on the extracellular side of the Mk membrane when HPSCs (both human and murine) were differentiated into Mks. [26] [27] [28] [29] [30] PS exposure is also important in platelet activation. 31 Low level of PS exposure has been also implicated in microparticle formation from different cell types. 32 Thus, we wanted to examine if PS exposure is part of the mechanism through which Mks respond to shear to form various size particles. In this study, to differentiate human CD34
1 cells into Mks, we used a new protocol that gives rise to functional PLPs in vitro. 33 Using flow cytometric and microscopic analyses, we confirmed that PS was also exposed on the surface of BLOOD, 25 SEPTEMBER 2014 x VOLUME 124, NUMBER 13 
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For personal use only. on June 8, 2015 . by guest www.bloodjournal.org From maturing (.day 8) Mks generated by this protocol at low level (data not shown). To investigate if shear promotes PS externalization, fluid flow at 1 dyn/cm 2 was applied to day 8 and day 10 Mks for 2 hours. Cells were harvested immediately after the shear-flow application for analysis. Shear resulted in a significantly increased Annexin V 1 fraction (by ;160% and 260% at days 8 and 10, respectively) of adherent Mks, but not so for nonadherent Mks (Figure 2A ). We also examined the impact of shear exposure time on PS externalization by exposing day 10 Mks to 2.5 dyn/cm 2 for 0 (static condition), 15, 30, 60, and 120 minutes. PS externalization responded quickly to shear stress: the Annexin V 1 fraction of adherent Mk cells increased by more than 70% after 15 minutes ( Figure 2B ). PS externalization plateaued for exposure times between 15 and 60 minutes, but increased further at 120 minutes ( Figure 2B ). Shear flow did not affect PS externalization of nonadherent Mks (P . .10) (data for 0 and 120 minutes are shown; Figure 2B ).
Caspase-3 activation in maturing Mk cells is accelerated by exposure to shear flow
Caspase-3 activation has been shown to be involved in microparticle formation from various cell types 34 such as from platelets 35 and endothelial cells. 36 Since shear accelerates the formation of active particles from Mk cells, 4 we wanted to investigate if shear stress affects caspase-3 activation in Mks. First, we confirmed that caspase-3 indeed was activated during in vitro Mk maturation. Caspase-3 was activated at days 10 and 12 when Mks projected PPTs under our culture protocol; active caspase-3 accumulated largely around the nucleus, but PPTs did not stain for active caspase-3 (supplemental Figure 5 ). We also observed a correlation between the activation level of caspase-3 in Mks (represented as the ratio of mean fluorescence intensity [MFI] of active caspase-3 over isotype control) and PPT formation ( Figure 2C ), which is consistent with previous studies. 29 Next, we investigated if shear stress enhances caspase-3 activation in maturing Mks, notably at days 10 and 12. Exposure of Mks for 2 hours to 1 dyn/cm 2 enhanced caspase-3 activation at both days 10 and 12 by 1.34-to 5.6-fold, depending on the donor and day ( Figure 2D) . One mechanism by which shear stress may promote PPT/PLP formation is by enhancing caspase-3 activation. To investigate this hypothesis, Mks were treated with z-VAD.fmk (pan-caspase inhibitor) or z-DEVD.fmk (caspase-3 inhibitor), and were then exposed to shear flow. After flow application, PLPs (d 5 1 to 3 mm 37 ) and PPTs (d 5 3 to 10 mm 37 ) were harvested and counted. The effect of shear stress on particle generation was assessed using the ratio of PLP or PPT number from 1 slide of Mks under flow conditions over that under static conditions. At day 10, z-VAD.fmk had no statistically significant effect on the PLP and PPT ratios, and z-DEVD.fmk decreased only the PPT ratio ( Figure 2E-F) . However, at day 12, both z-VAD.fmk and z-DEVD.fmk decreased both the PPT and PLP ratios ( Figure 2E-F) . These data suggest that at the day 10 early maturation stage, at which time Mks were starting to project PPTs and very few PLPs were formed, the caspase-3 inhibitor inhibited the effect of shear stress on PPT formation but not on PLP formation. At day 12, when Mks produced more PPTs and started to form a significant number of PLPs, caspase inhibitors attenuated the effect of shear on PPT and PLP generation. These data suggest that caspase-3 activation plays a role in the mechanism by which shear stress enhances PPT and PLP formation.
Shear stress enhances the generation of functional PLPs, as well as PLP activity
It was previously shown that shear accelerates the formation of functional platelets. 4 Here, we aimed to investigate and quantify the effect of shear stress on the generation of Mk fragments with plateletlike properties at day 12 when Mks had extensive PPTs ( Figure 3A) . After a 2-hour exposure of adherent Mks to low shear flow at 1 dyn/cm 2 , 5.8 times more PLPs were formed compared with static conditions, while exposure to high shear flow at 4 dyn/cm 2 for 0.5 hour yielded even more PLPs (;10.8; Figure 3B) . Moreover, the number of PPTs increased by 4.1-and 7.9-fold after exposure to low and high shear flow, respectively ( Figure 3B ). These data show that, in vitro at least, exposure to physiological levels of shear results in a dramatic increase in both PLP and PPT formation from mature Mks. The enhanced formation of PLPs and PPTs by shear stress is supported by enhanced fragmentation of Mks by shear stress, as detailed in the supplemental Results.
Next, we examined the impact of shear flow on the functionality of the generated PLPs. Is it possible that the fast generation of PLPs under shear flow results in lesser quality of PLPs, or perhaps the opposite? To do so, we employed 2 platelet-function assays: CD62P exposure and fibrinogen-binding, both using the physiological activator, human thrombin. For PLPs generated from Mks under low shear conditions, the fraction of PLPs expressing CD62P increased by almost threefold (from 10% to 29%) upon thrombin activation, while for PLPs generated from Mk cells under static conditions this fraction increased by 1.8-fold (from 9% to 16%; Figure 3C ). After activation with thrombin, the percentage of PLPs generated from Mks under low shear conditions that bind fibrinogen increased by 12-fold (from 6% to 72%), while that of PLPs from static culture increased by ;6.5-fold (from 9% to 58%; Figure 3D ). The quality of PLPs generated under high shear conditions was similar to that of PLPs generated under low shear conditions ( Figure 3C-D) . Taken together, these data suggest that PLPs produced from Mks upon exposure to shear flow have better For personal use only. on June 8, 2015 . by guest www.bloodjournal.org From functionality than PLPs generated under static conditions. To conclude, exposure to shear, even briefly, results in dramatic increases in both the number and quality of PLPs when compared with static controls.
Shear stress dramatically enhances the generation of MkMPs
When we examined the size distribution of cell fragments released from Mks under both static and shear-flow conditions, in addition to PLPs and PPTs, we found a distinct population of very small particles ( Figure 4A ). We ran a microbead (d 5 1.34 mm) control to confirm that these particles were on average considerably smaller than 1.34 mm ( Figure 4B ). Mature Mks and activated platelets can give rise to MPs that are smaller than platelets. 38, 39 Surface staining demonstrated that most of these particles were CD41 1 and CD42b 1 , but many were CD41 1 and CD42b 2 ( Figure 4C ). In order to identify the origin of these CD41 1 particles, we examined them for CD62P expression. CD62P is expressed on PMPs but not on MkMPs. 38 We found that, on average, 16% of the CD41 1 MPs were CD62P 1 , thus suggesting that most of these MPs were MkMPs deriving from Mks rather than from activated PLPs ( Figure 4D ), which presumably can generate MPs similar to PMPs (ie, CD62P 1 MPs).
Cultures of Mk cells post-shear exposure contained a dramatically larger number of MkMPs compared with those from Mks grown under static conditions ( Figure 4A ). Thus, Mk exposure to shear results in increased MkMP formation in addition to enhanced PLP generation. Exposure to 2.5 dyn/cm 2 for 0.5 hour resulted in increased MkMP generation by 24-and 27-fold at days 10 and 12, respectively ( Figure 4E ). For day 10 Mks, exposure to 2.5 dyn/cm 2 for 2 hours resulted in a 47-fold increase in MkMP generation ( Figure 4E ). Next, we investigated if caspases mediate the shear stressenhanced generation of MkMPs. As described earlier, Mks were treated with z-VAD.fmk or z-DEVD.fmk before exposure to shear stress at days 10 and 12. The ratio of the number of MkMPs from 1 slide of Mks under shear flow to the number of MkMPs under static conditions was used to assess the effect of shear stress on MkMP generation. The results ( Figure 4F) show that only treatment with caspase-3 inhibitor (z-DEVD.fmk) attenuated the effect of shear stress, suggesting that caspase-3 is involved in shear-enhanced MkMP generation.
Novel biological activity of MkMPs: promoting Mk differentiation of HSPCs
To our knowledge, a physiological function for MkMPs has not yet been reported. We hypothesized that a role of MkMPs might be to accelerate hematopoietic progenitor differentiation into Mks. In early experiments, we found that MkMPs cocultured with HPCs from day 5 of Mk culture from CD34 1 cells promoted HPC survival and Mk differentiation under serum-and TPO-free conditions (data not shown). Therefore, we examined this effect in more detail using MPs generated from day 12 Mks. We will refer to these MPs as MkMPs although they may contain a small fraction (;16%) of CD62P 1 MPs. MkMPs were cocultured with CD34 1 cells in a medium without TPO but with 50 ng/mL rhSCF (for enhancing cell survival), and the outcomes were examined after 8 days of culture. In the vehicle control culture, barely any CD34 1 cells could differentiate into Mks by day 8 (Figure 5Ai,B) . However, we observed a dramatic induction of Mk differentiation (as assessed by CD41 expression and polyploidization) in the day 8 culture of CD34 1 cells cocultured since day 0 with MkMPs ( Figure 5Ai ,B-C). In addition, MkMPs promoted cell proliferation; the total cell number was increased 4.2-fold compared with vehicle control ( Figure 5B ). We also examined if MkMPs could stimulate partially differentiated HPCs. CD34 1 cells were cultured in medium with or without TPO for 3 days and then cocultured with MkMPs without TPO for 5 more days to day 8. Day 3 HPCs from culture without TPO gave rise to very few Mks in the vehicle control culture, but MkMPs induced dramatically higher (by .10 000-fold) differentiation into Mks (Figure 5Aii,D) with a concomitant 1.7-fold increased cell expansion ( Figure 5F ) compared with the vehicle control. In the vehicle control cultures, day 3 HPCs from culture with TPO developed into Mks by day 8 even without further TPO stimulation (Figure 5Aii,E) . However, coculture with MkMPs resulted in 5.9-, 2.7-, and 3.0-higher numbers of Mks with 2N, 4N, and .8N ploidy (Figure 5Aii,E) , although the total cell number was not increased ( Figure 5G ). Taken together, these data show that MkMPs promote Mk differentiation of HSPCs at different differentiation stages and that the effect is more pronounced on more primitive, uncultured CD34 1 cells.
In order to further characterize the Mks generated from CD34 1 cells cocultured with MkMPs, the coculture was prolonged to day 11. At day 9, we found that some Mks started to form PPTs ( Figure 5C ). At day 11, cells were stained for b1 tubulin, VWF, and serotonin to examine PPT structures and the formation of a-and dense-granules, respectively. Fluorescent imaging demonstrated that Mks generated from the cocultures displayed normal microtubule PPT structures and synthesized both types of platelet granules ( Figure 6A ). TEM imaging ( Figure 6B ) of Mks from day 11 of coculture confirmed that numerous platelet granules were packed in Mk cells, which also displayed the characteristic invaginated membrane system. These data demonstrate that Mks generated from coculture of CD34 1 cells
with MkMPs display normal developmental characteristics. Since day 12 MPs contained ;16% CD62P 1 MPs with PMP characteristics, we examined if PMPs generated from activated human platelets by thrombin or the calcium ionophore A23187 could have an effect similar to that of MkMPs. Compared with vehicle control, coculture of day 3 HPCs (from cultures with or without TPO) with either type of PMPs did not affect the Mk differentiation of HPCs compared with control (Figure 5Aii,D-G ). These data demonstrate For personal use only. on June 8, 2015 . by guest www.bloodjournal.org From that PMPs cannot promote Mk differentiation of HPCs, thus suggesting that the day 12 MP effect derives from the ;84% of CD62P 2 MkMPs.
Although the protocol for harvesting MkMPs employs rigorous centrifugal enrichment and triple washing in IMDM medium, we carried out experiments to show that the impact of MkMPs in promoting the Mk differentiation of HSPCs was not due to TPO attached to MkMPs (see supplemental Results).
Discussion
The pioneering study of Dunois-Lardé et al 4 demonstrated the impact of high shear rate (1800 s 21 ) on cell remodeling and cytoskeleton reorganization of mature Mks leading to accelerated platelet generation. Here, we examined the impact of shear stress in the physiological range 3 on DNA synthesis and the formation of various Mk particles (PLPs, PPTs, and MkMPs). DNA synthesis and PS externalization of immature Mks were enhanced by shear stress in an exposure time-and shear shear level-dependent manner. PS externalization, caspase-3 activation, and fragmentation of mature Mks were enhanced by shear stress. Enhanced PLP and PPT generation accompanied this phenomenon. This suggests that elevated hemodynamic stress would enhance platelet generation. In healthy adults, both acute and prolonged exercise leads to elevated platelet counts by ;25% and at least 57%, respectively. 40, 41 Significantly, we demonstrated that not only mature Mks but also immature Mks can sense and then respond to shear stress. The latter may pertain to Mk progenitor cells circulating in blood under physiological or pathological conditions (supplemental Figure 1) . For example, as stated above, whole Mks released into systemic circulation are eventually captured in the pulmonary vasculature where they are exposed to a broad range of biomechanical forces as they give rise to platelets (supplemental Figure 1 and supplemental Table 1 ). Figure 2) . PMP generation from platelets on immobilized VWF surfaces is also promoted by high shear. 42 While the cellular mechanisms leading to membrane vesiculation and MP release remain an active research field, studies from PMP biogenesis suggest that PS externalization and caspase-3 activation play an important role in MP generation. 34 In our study, we found that caspase-3 activation and PS externalization were enhanced by shear stress, thus suggesting that shear-stress-enhanced MkMP generation may be mediated by PS externalization and caspase-3 activation. The latter is supported by the data from the caspase-3 inhibition assays.
A potential physiological function for MkMPs was also investigated. We demonstrated that MkMPs promote the survival and Mk differentiation of HSPCs in the absence of added TPO. Thus, one possible role for MkMPs in circulation may be to promote For personal use only. on June 8, 2015 . by guest www.bloodjournal.org From differentiation of circulatory HSPCs or perhaps re-enter the hematopoietic BM compartment aiming to target HSPCs for accelerated megakaryopoiesis under stress (supplemental Figure 2) . This would be somewhat analogous to a recently proposed model of stem-cell plasticity. 43 A similar role has been suggested from experiments employing MPs from other cell types. MPs generated during macrophage differentiation of THP-1 cells induced differentiation of resting THP-1 cells into macrophages through microRNA-223 transfer. 44 Deregibus et al 45 found that endothelial-progenitor cellderived MPs carried messenger RNA to and triggered angiogenesis of endothelial cells. Thus, it is possible that MkMPs act in the similar way to deliver RNAs carrying Mk differentiation signals to HSPCs. Using ribonuclease digestion studies, we found that ribonuclease treatment did not totally abolish the effect of MkMPs (data not shown), thus suggesting that MkMPs promote HPC differentiation only partially through RNA. Martínez et al 46 found that T-cell microvesicles induced differentiation of K562 and CD34 1 cells toward Mk lineage, and hedgehog morphogens harbored by microvesicles were responsible for this effect. Thus, it is possible that MkMPs carry Mk differentiation signals in the form of proteins or lipids. These signals and the mechanisms by which MkMPs target and enter HSPCs are currently under investigation in our laboratory.
Although it was recently reported that caspase-3 and the classical apoptotic pathways are dispensable for steady-state platelet biogenesis in mice, [47] [48] [49] other studies have shown that activation of caspase-3 and 9 is required for PPT formation. 29, 50, 51 It is not clear how these reports can be reconciled. What is certain is that Mk cells are destructed by some death mechanism, and that there may exist several such death mechanisms including canonical apoptosis, as well as others, that may be engaged in restoring platelet biogenesis in mice, whereby core components of canonical apoptosis have been deleted. [47] [48] [49] While canonical apoptosis may be indeed dispensable in steady-state murine platelet biogenesis, logically, this does not prove that canonical apoptosis of Mks is not involved in normal Mk fragmentation that leads to platelet biogenesis. This is supported by in vivo murine data, whereby deletion of the key antiapoptotic component, Bcl-xL, of canonical apoptosis affects transient but not steady-state platelet biogenesis. 52 Significantly, in humans, there is strong evidence that some components, at least of canonical apoptosis, are necessary for platelet biogenesis. 53 Furthermore, caspase-3 and other caspases are expressed in platelets and are important in platelet activation, aggregation, and other events necessary for thrombopoiesis. 35, [54] [55] [56] In the context of MkMP formation and the engagement of caspase-3, the involvement and importance of proteolytic caspase activity independent of cell death in the generation at endothelial microparticles is worth noting. 57 A more recent report shows that mechanical forces stimulate the generation of endothelial microparticles independent of canonical apoptosis, but requires the action of caspases. 36 Another study by Abid Hussein et al 58 shows that various types of circulating MPs from healthy human plasma contain active caspase-3, including CD61
1 MPs, most of which are likely derived from Mks. 38 It could well be then that the generation of MkMPs does not require canonical apoptosis but rather caspase activity, and as we show in this study, PS externalization as well.
